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Iraqi KurdistanAbstract Bottom hole temperature (BHT) data from 12 oil wells in Iraqi Kurdistan were used to
obtain the thermal trend of Iraqi Kurdistan. Due to differences in thermal conductivity of rocks and
groundwater movement, variations in geothermal gradients were observed. The highest geothermal
gradient (29.2 C/km) was found for well Taq Taq-8 in the Low Folded Zone (central part of the
area). The lowest geothermal gradients (14.9 C/km) were observed for well Bekhme-1 in the High
Folded Zone (northern and northeastern parts of the area). The average regional geothermal gra-
dient for Iraqi Kurdistan is 21 C/km.
 2016 Egyptian Petroleum Research Institute. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The rate of temperature increase with depth in the subsurface
is called geothermal gradient. Geothermal gradients are a valu-
able tool in oil exploration and fundamental to numerous oil-
field applications, such as basin modeling, pressure/volume/
temperature (PVT) analysis, manipulative cementing pro-
grams, etc. Likewise, temperature is one of the primary factors
controlling hydrocarbon generation, sediment diagenesis,
migration of hydrocarbons, and pore fluids [1].
Some published data exist on thermal parameters in Iraq.
Subsurface temperatures in Basra, (SE Iraq) were reported to
be 95 C at 3000 m, and it was concluded that corrected tem-
peratures are about 20 C higher than uncorrected tempera-
tures [2]. The geothermal gradient in Ain Zalah Field, Mosul
area, was estimated to be 28 C/km [3] whereas a 25 C/kmgradient was determined for nearby wells in the Kirkuk area
[4]. The geothermal gradients are comparatively low in the
Zagros fold-and-thrust belt [5]. The geothermal gradient map
of Iraq based on uncorrected bottom-hole temperatures in
oil wells in Iraq and surrounding countries was published by
[6]. In a general review, the previous conclusions that were
made by Jassim and Al-Gailani [6] regarding thermal conduc-
tivity, heat flow and factors influencing source rock maturity
were confirmed by Aqrawi et al. [7]. The present-day corrected
bottom hole temperatures and measured vitrinite reflectance
data of several wells in Basra, (SE Iraq) were used for calibra-
tion [8].
This study reports on BHT data from 12 wells in Iraqi Kur-
distan and adjacent areas to infer geothermal gradient varia-
tions across the area horizontally and vertically. The
geothermal variations were used to obtain a contour map of
geothermal gradients and recognize anomalies related to
hydrocarbon traps. The model will help to define anomalies
revealing undiscovered hydrocarbon traps or migration paths.ttp://dx.
Figure 1 Location map of studied area.
Table 1 Well details and their calculated geothermal gradient.
Well name Tectonic zones Depth below
ground level
(m)
Ground level
elevation (m)
Maximum recorded
temperature
(C)
Geothermal Gradient
(C/km)
Zewa-1 High Folded 4190.2 1592.5 80 16.5
Binari Serwan-1 High Folded 3516.4 1239 82 16.2
Shewashan-1 Low Folded 2290.8 595 86.6 26.8
Taq Taq-8 Low Folded 2039.2 624.8 84.7 29.2
Bekhme-1 High Folded 4060.2 560 85.8 14.9
Bijeel-1 High Folded 3823.8 515.6 106 19.8
Bastora-2B Low Folded 2779.8 378 84.2 21.3
Qara Chugh-2 Low Folded 3107.0 799 93.3 21.9
Benenan-4 Low Folded 3624.7 479 104 21.8
Shaikhan-2 High Folded 3162.0 658.4 81.3 17.8
Jabal Kand-1 Low Folded 3612.4 398.4 107.8 22.9
Butmah-2 Low Folded 1306.1 573.2 61.7 23.0
Average 21.0
2 R.A. Abdula2. Geological setting
Iraqi Kurdistan is situated on the north eastern boundary of
the Arabian Plate. The area is covered mostly by the Zagros
fold-thrust belt comprising fold structures with Cretaceous
limestones outcropping in the anticlinal cores and Tertiary
limestones and clastics along the flanks. The ongoing active
collision of the Arabian Plate with the continental blocks of
Central Iran leads to forming of the Zagros overgrowth foldPlease cite this article in press as: R.A. Abdula, Geothermal gradients in Iraqi Kurdis
doi.org/10.1016/j.ejpe.2016.08.007thrust belt [9]. The Zagros fold-thrust belt faced a main
folding event and extensive fracturing in the Late Mio-
cene–Pliocene orogenic stage of the Alpine orogeny [10,11].
There are three main tectonic zones in Iraqi Kurdistan,
are namely (i) the Low Folded Zone, (ii) the High Folded
Zone, and (iiii) the Imbricated Zone [12]. The Zagros
fold-thrust belt comprises enormous anticlinal traps, with
fracturing producing groundwater aquifers and hydrocarbon
reservoirs [13].tan deduced from bottom hole temperatures, Egypt. J. Petrol. (2016), http://dx.
Geothermal gradients in Iraqi Kurdistan 3The deposition of the main source rocks in the area was ini-
tiated by a marine incursion in the Middle Jurassic. Deposition
of additional source rocks continued in a condensed narrow
elongated basin until the Cretaceous. These source rocks were
overlain and underlain by shales and evaporites. Furthermore,
alternating pulses of regressions and transgressions during the
Cretaceous deposited major carbonate units were separated by
shaly units. The main Cretaceous reservoir rocks are Kometan
and Qamchuqa formations, while the main Tertiary reservoir
rocks are the Pilaspi, Jeribi and Kirkuk formations. The inter-
vening shales and evaporates within these Cretaceous and
Tertiary formations are the major cap rocks in the region.
3. Methodology
Heat flow and thermal conductivity data are not available for
Iraqi Kurdistan; therefore bottom-hole temperatures measured
in boreholes from exploratory wells drilled in the study area
were used as the data base for determining geothermal gradi-
ents. Bottom-hole temperatures were taken from log headers0
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Figure 2 Geothermal gradie
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doi.org/10.1016/j.ejpe.2016.08.007collected during well logging. Twelve exploratory and develop-
ment wells in Iraqi Kurdistan and some other adjacent areas
were chosen for this study (Fig. 1). All wells were found to
have appropriate conditions such as depth range and the time
elapsed between the end of mud circulation and temperature
measurement. The sample points were taken through the area
to reflect lateral and vertical temperature changes.
The true formation temperature is constantly higher than
the measured temperature from open hole logs. Circulation
of mud in the borehole during the drilling process delivers a
non-equilibrium temperature at the time of temperature mea-
surements [14]. Therefore, the Horner plot proposed by
Dowdle and Cobb [15], one of the most commonly used meth-
ods for temperature correction, was used here. This method
plots the measured temperature (at a specified depth) against
log (T/(t + T)), where T denotes the time that the borehole
had to reheat after mud circulation and t is the length of time
that the borehole was exposed to the cooling by the fluid. By
assuming a mean surface temperature of 25 C, the true forma-
tion temperature at the specific depth can be obtained from the0
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4 R.A. Abdulastraight line. The basic equation for calculating geothermal
gradient is
GeothermalGradient
¼FormationTemperatureMeanAnnual Surface Temperature
FormationDepth
Although the temperature of the Earth’s crust generally
increases with depth, the geothermal gradient in any subsur-
face well does not appear as a straight line. The geothermal
gradient values depend on thermal conductivity and are conse-
quently related to rock types which are typically not uniform
throughout the whole interval. Therefore, the correction of
BHT derived from widely spread measurements in a borehole
according to Horner plot (see above) is not sufficient to obtain
reliable results. Therefore, based on available data (Table 1
and Fig. 2), the statistical measure ‘‘Pearson’s correlation coef-
ficient” that designates the degree to which depth and temper-
ature fluctuate together was used. The correlation coefficient
ranges from 1 to +1, with 1 showing a perfect negative
correlation, +1 showing a perfect positive correlation, and 0
showing no correlation. To determine the correlation coeffi-
cients between depth and temperature the following formulaPlease cite this article in press as: R.A. Abdula, Geothermal gradients in Iraqi Kurdis
doi.org/10.1016/j.ejpe.2016.08.007r ¼ n
P
xiyi 
P
xi
P
yiﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n
P
x2i  ð
P
xiÞ2
q ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ny2i  ð
P
yiÞ2
q
where R is the symbol for ‘‘sum up”, n is number of point sam-
ples, Xi is each x-value, and yi is each y-value, was applied
using the Statistical Package for the Social Sciences (SPSS)
software.
4. Results and discussion
The calculated geothermal gradients along with well details are
shown in Table 1. The degree of consistency of temperature
change in regard to depth in different boreholes is represented
in Table 2. These wells are broadly distributed in Iraqi Kurdis-
tan (Fig. 1). Fig. 2 shows the trend of temperature variation
with depth in selected wells. Fig. 3 shows the geothermal gra-
dient contour map. The horizontal and vertical geothermal
gradient variations throughout the studied area are shown in
Fig. 4.
Correlation analysis shows a strong and significant positive
correlation between depth and temperature (Table 2) for
Shewashan-1, Bekhme-1, Qara Chugh-2, Butmah-2, and thetan deduced from bottom hole temperatures, Egypt. J. Petrol. (2016), http://dx.
Table 2 Well name, correlation details and the Pearson Correlation values for each component.
Well name Correlation detail Depth (m) Temperature (C)
Zewa-1 Depth (m) Pearson Correlation 1 0.990
Sig. (2-tailed) 0.088
N 3 3
Temperature (C) Pearson Correlation 0.990 1
Sig. (2-tailed) 0.088
N 3 3
Binari Serwan-1 Depth (m) Pearson Correlation 1 0.993
Sig. (2-tailed) 0.074
N 3 3
Temperature (C) Pearson Correlation 0.993 1
Sig. (2-tailed) 0.074
N 3 3
Shewashan-1 Depth (m) Pearson Correlation 1 0.985*
Sig. (2-tailed) 0.000
N 6 6
Temperature (C) Pearson Correlation 0.985* 1
Sig. (2-tailed) 0.000
N 6 6
Bekhme-1 Depth (m) Pearson Correlation 1 0.970*
Sig. (2-tailed) 0.001
N 6 6
Temperature (C) Pearson Correlation 0.970* 1
Sig. (2-tailed) 0.001
N 6 6
Bijeel-1 Depth (m) Pearson Correlation 1 0.776
Sig. (2-tailed) 0.123
N 5 5
Temperature (C) Pearson Correlation 0.776 1
Sig. (2-tailed) 0.123
N 5 5
Qara Chugh-2 Depth (m) Pearson Correlation 1 0.998*
Sig. (2-tailed) 0.000
N 5 5
Temperature (C) Pearson Correlation 0.998* 1
Sig. (2-tailed) 0.000
N 5 5
Jabal Kand-1 Depth (m) Pearson Correlation 1 0.6 91
Sig. (2-tailed) 0.515
N 3 3
Temperature (C) Pearson Correlation 0.691 1
Sig. (2-tailed) 0.515
N 3 3
Butmah-2 Depth (m) Pearson Correlation 1 0.995*
Sig. (2-tailed) 0.005
N 4 4
Temperature (C) Pearson Correlation 0.995 1
Sig. (2-tailed) 0.005
N 4 4
In General Depth (m) Pearson Correlation 1 0.759*
Sig. (2-tailed) 0.000
N 40 40
Temperature (C) Pearson Correlation 0.759* 1
Sig. (2-tailed) 0.000
N 40 40
* Correlation is significant at the 0.01 level (2-tailed).
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Figure 3 Contour map showing geothermal gradient in the study area.
6 R.A. Abdulaaverage value. For Taq Taq-8, Benenan-4, and Shaikhan-2, the
equation could not be applied due to unavailability of suffi-
cient data points. For most wells, however, it is very apparent
that the geothermal gradients are not uniform through the
entire boreholes (Fig. 2, Zewa-1, Binari Serwan-1, Bekhme-1,
Qara Chugh-2, Shaikhan-2, Jabal Kand-1, and Butmah-1).
These gradient anomalies typically indicate the trap section
and are possibly related to heat transporting routes and
entrapment [16]. In Binari Serwan-1, the abnormal tempera-
ture can be noticed at a depth of 1300.4 m and deeper. This
depth indicates the lower boundary of the trap, Sehkaniyan
Formation. The high temperature occurs throughout the But-
mah Formation and returns to a normal trend within the
Baluti Formation. Likewise, in Qara Chugh-2 and Shaikhan-
2, the gradients increase under the Sarmord and Alan forma-
tions, respectively. Both formations represent traps above
Qamchuqa and Adaiyah reservoirs in Qara Chugh-2 and
Shaikhan-2, correspondingly. In Jabal Kand-1, the abnormallyPlease cite this article in press as: R.A. Abdula, Geothermal gradients in Iraqi Kurdis
doi.org/10.1016/j.ejpe.2016.08.007high temperature obtained at 2098.4 m depth represents the
lower boundary of the trap, Gotnia Formation, and the
increase of temperature appears within the Sargelu Formation.
In Butmah-2, the gradient increases between 300.8 and 605 m
below ground level within Avanah/Jadalah formations and
returns to normal within Alaiji and Shiranish formations.
The contour map (Fig. 3) and cross-section (Fig. 4) show
that the gradients are substantially lower in the High Folded
Zone (Bekhme-1, Binari Serwan-1, and Zewa-1) as compared
to the Low Folded Zone (Bastora-2B, Benenan-4, Qara
Chugh-2, Jabal Kand-1, Butmah-2, and Taq Taq-8), possibly
revealing changes in thermal conductivity of rocks and
groundwater movement [17]. These lower temperatures in the
High Folded Zone are most likely due to the high thermal con-
ductivity of Cretaceous carbonate rocks. Furthermore, the
more extensively fractured rocks in High Folded Zone enable
a more intense movement of ground water. Possible exceptions
within the High Folded Zone are Shaikhan-2 and Bijeel-1tan deduced from bottom hole temperatures, Egypt. J. Petrol. (2016), http://dx.
Figure 4 Geologic cross-section east to west in Iraqi Kurdistan—horizontal distance not to scale. The cross-section showing geothermal
gradient differences horizontally and vertically throughout Iraqi Kurdistan.
Geothermal gradients in Iraqi Kurdistan 7whose calculated gradients are somewhat higher than other
wells within the same zone (17.8 C/km and 19.8 C/km). This
anomaly may be related to heat generation from hot shales and
presence of a very tight seal. Shales generally show a higher
heat generation than sandstones and limestones. In Iraqi Kur-
distan, black marine shales in Shaikhn-2 and Bijeel-1 from
Jurassic Sargelu, Naokelekan, and Chia Gara formations have
even higher heat generation values than the Paleocene Kolosh
shales and the Miocene Lower Fars shales in Low Folded
Zone. Nevertheless, a reasonably large thickness of shales is
required for substantial contribution to the overall heat flow
[18].
The contour map (Fig. 3) shows the general increase of the
geothermal gradients toward the Low Folded Zone. The tem-Please cite this article in press as: R.A. Abdula, Geothermal gradients in Iraqi Kurdis
doi.org/10.1016/j.ejpe.2016.08.007peratures increase toward the southern and southwestern parts
(Bastora-2B, Benenan-4, and Qara Chugh-2) and toward the
western part of the area (Jabal Kand-1 and Butmah-2). The
highest gradients appear in the central part of Iraqi Kurdistan
(Taq Taq-8 and Shewashan-1). The higher geothermal gradi-
ents in the Low Folded Zone are related to the presence of
thick layers of low thermal conductivity mudstones that occur
in the area due to high sedimentation rates in the late
Miocene–Pliocene.
The geothermal gradients in northwestern Mosul, shown in
Jassim and Al-Gailani’s temperature gradient map [6] and
Aqrawi et al.’s map [7] of geothermal gradients in Iraq, are
not confirmed by the lower temperature values that were
obtained from Jabal Kand-1 and Butmah-2 wells in the sametan deduced from bottom hole temperatures, Egypt. J. Petrol. (2016), http://dx.
8 R.A. Abdulaarea. Likewise, the geothermal gradient of 28 C/km that was
reported by El Zarka [3] at Ain Zalah was not confirmed by
our data obtained in the Jabal Kand-1 and Butmah-2 wells.
This discrepancy may result from the use of uncorrected
temperatures in the former study. Furthermore, the geother-
mal gradient value of about 20 C/km in northeastern
Sulaimani, as reported in Jassim and Al-Gailni’s map [6] of
temperature gradients is not confirmed by the lower tempera-
ture values that were obtained from newly drilled wells in the
same area.
South of the studied area, a geothermal gradient range of
18–23 C/km, similar to the Zagros fold belt, was observed
[5]. Jassim and Al-Gailani [6] reported that the geothermal gra-
dients along structures of the Zagros Foothills are variable;
some structures such as Kirkuk have a comparatively low gra-
dient. Based on temperature data from nearby wells in the
Kirkuk area, Al-Shdidi et al. [4] determined a geothermal gra-
dient of 25 C/km, other fields like Hamrin have high thermal
gradients exceeding 33 C/km [6]. Further south and southwest
of the studied area, the geothermal gradient ranges between 12
and 18 C/km along the Salman Zone, Tharthar, and Tigris
lines in north Iraq [6]. In the southeastern direction, the gradi-
ent is about 20 C/km in the eastern side of the Mesopotamian
Zone [6].5. Conclusions
Throughout Iraqi Kurdistan, the geothermal gradients differ
considerably from well to well and with depth. These varia-
tions are interpreted to reflect differences in thermal conductiv-
ity of rocks, heat generation, and/or subsurface water
movements. The highest geothermal gradient of 29.2 C/km
was recorded at the Low Folded Zone, the central part of
the studied area. A minimum gradient value of 14.9 C/km
was recorded at the High Folded Zone in the north and north-
eastern parts of area studied. The average geothermal gradient
in Iraqi Kurdistan is 21 C/km.
Acknowledgements
The author expresses his thanks to Ministry of Natural
Resources in Iraqi Kurdistan and Ministry of Oil in Iraq for
providing borehole temperatures and other materials relevant
to this work. The comments from Volker Thiel are very well
appreciated.Please cite this article in press as: R.A. Abdula, Geothermal gradients in Iraqi Kurdis
doi.org/10.1016/j.ejpe.2016.08.007References
[1] C.N. Nwankwo, Heat flow studies and hydrocarbon maturation
modeling in the Chad Basin Nigeria (Unpublished Ph. D. thesis),
University of Port Harcourt, PortHarcourt, Nigeria, 2007, pp. 1–
45.
[2] M.W. Ibrahim, Bulletin 67 (1983) 97–130.
[3] M.H. El Zarka. Ain Zalah Field-Iraq, Zagros Folded Zone,
northern Iraq, in: E.A. Beaumont, N.H. Foster (Eds.),
Structural Traps, V, Treatise of Petroleum Geology, Atlas of
Oil and Gas Fields: AAPG A-26, 1993, pp. 57–68.
[4] S. Al-Shdidi, G. Thomas, J. Delfaud, AAPG Bull. 79 (5) (1995)
763–779.
[5] J.K. Pitman, D. Steinshouer, M.D. Lewan, Gulf PetroLink 9 (4)
(2004) 41–72, Bahrain.
[6] S.Z. Jassim, M. Al-Gailani, Hydrocarbons, in: S.Z. Jassim, J.C.
Goff (Eds.), Geology of Iraq, first ed., Moravian Museum,
Prague, Brno, Czech Republic, 2006, pp. 232–250 (Chapter 18).
[7] A.A.M. Aqrawi, J.C. Goff, A.D. Horbury, F.N. Sadooni, The
Petroleum Geology of Iraq, Scientific Press, Bucks, UK, 2010, p.
424.
[8] Q. Abeed, R. Littke, F. Strozyk, A.K. Uffmann, Gulf PetroLink
18 (1) (2013) 179–200, Bahrain.
[9] F. Ahmadhadi, J. Daniel, M. Azzizadeh, O. Lacombe, Tectonics
(2007) 1–22.
[10] M.S. Ameen, AAPG Bull. 76 (3) (1992) 356–370.
[11] K. Hessami, H.A. Koyi, C.J. Talbot, J. Pet. Geol. 24 (1) (2001)
5–28.
[12] S.Z. Jassim, T. Buday, Units of the Unstable Shelf and the
Zagros Suture, in: S.Z. Jassim, J.C. Goff (Eds.), Geology of
Iraq, first ed., Moravian Museum, Brno, Czech Republic,
Prague, 2006, pp. 71–83 (Chapter 6).
[13] Z.R. Beydoun, M.W. Hughes Clarke, R. Stoneley, Petroleum in
the Zagros Basin-a Late Tertiary foreland basin overprinted
onto the outer edge of a vast hydrocarbon-rich Palaeozoic-
Mesozoic passive margin shelf, in: R.W. MacQueen, D.A.
Leckie (Eds.), Foreland Basins and Fold Belts, vol. 55, AAPG
Memoir, 1992, pp. 309–339.
[14] C.N. Nwankwo, A.S. Ekine, Int. J. Phys. Sci. 4 (12) (2009) 777–
783.
[15] W.L. Dowdle, W.M. Cobb, J. Petrol. Technol. 27 (1975) 1326–
1330.
[16] B.S.D. Sonam, V. Kumar. Trend of geothermal gradient from
bottom hole temperature studies in South Cambay Basin
(Narmada Broach Block), in: 10th Biennial International
Conference and Exposition, 2013, 386 p.
[17] C.N. Nwankwo, A.S. Ekine, L.I. Nwosu, J. Appl. Sci. Environ.
Manage. 13 (1) (2009) 73–80.
[18] P.T. Negraru, D.D. Blackwell, K. Erkan, Nat. Resour. Res. 17
(4) (2008), http://dx.doi.org/10.1007/s11053-008-9081-x.tan deduced from bottom hole temperatures, Egypt. J. Petrol. (2016), http://dx.
